The addition of m olecular iodine to solutions of te rtia ry aliphatic am ines in liquid sulphur dioxide is found to result in th e form ation of stable free radical oxidation in te r m ediates. In triethylam ine solutions, oxidised under these conditions, aro m atisatio n appears to ta k e place to produce a pyridinyl radical. R adicals form ed from N -ethyldim ethylam ine, N ,N -diethylm ethylam ine and tri-n-propylam ine on th e o th er h an d appear to be essentially aliphatic in character, w ith two of th e N -alkyl groups in tact. The m agnitude of th e m easured coupling constants however, implies some delocali sation in th e " dam aged" alkyl group, possibly via a tautom eric m echanism . A num ber of m echanistic possibilities are explored to account for th e roles played b y iodine and sulphur dioxide in these reactions.
Introduction
Solutions of tertiary aliphatic amines in liquid S 0 2 have been a subject of discussion for a number of years in the literature1'2. In a recent publication3 the discovery th a t such solutions are paramagnetic and show anomalous ESR tem perature dependence has been interpreted in term s of a donor-acceptor interaction involving an interm ediate triplet state, i.e. a transient n -n complex, E t3(N+-S )0 2-, lying between the uncomplexed molecular pair E t3N, S 0 2 and the 'zwitterionic' form E t2N +: -> S 0 2~ (both diamagnetic). An alternative and per haps simpler formulation (although essentially equivalent) represents the complex as a simple ion-pair [E t3N+'S02-], probably undergoing a rapid electron exchange with the solvent S 0 2 + [TEA+'SCV ] ^ [S 02-TEA+-] + s o 2 I t may be pertinent to note th a t a "sub-equilibrium " (K2 below) within the "main equilibrium" (Kx below) could produce a similar tem perature dependence of paramagnetic susceptibility to th at predicted by the quantum-mechanical picture of the singlet and therm ally accessible triplet. Thus thera may be two (at least) tem perature dependent "equilibria" competing for the triplet state.
R equests for rep rin ts should be sent to Dr. H . M ö c k e l , H ah n -M eitn er-In stitu t für K ernforschung, Bereich Strahlenchem ie, D-1000 Berlin 39, P o st fach 390128.
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It is difficult to make any predictions concerning the magnitude of K 2 at present but it seems likely, in view of the swamping concentration of S 0 2 used, th at the main equilibrium characterised by K x lies almost completely to the right.
Intermediates produced during the oxidation of tertiary amines, electrochemically and with mole cular iodine, have also received attention in the literature4'5. Although so far, published results have been confined to aromatic amines. A recent study has shown th at such processes occur particularly readily in liquid sulphur dioxide6. Donor-acceptor interactions between tertiary amines, especially triethylam ine7-9 and molecular iodine, have been studied by a number of authors in dilute solutions of organic solvents. The results of UV spectroscopic studies indicate the formation of species such as the 1:1 E t3N -I 2 complex (very exothermic, dH = -12 kcal mole-1)7 and the "inner" complex (E t3NI)+I-(or I 3-)8. Calori-metric studies9 suggest the further species [(E t3N)2I]+I~, i.e. a 2:1 complex.
In the present communication, some results are reported for a number of interesting free radical intermediates formed when molecular iodine is added to solutions of tertiary aliph atic amines in liquid sulphur dioxide. The amines studied include triethylamine (TEA), N-ethyldimethylamine (EDMA), N,N-diethylmethylamine (DEMA) and tri-w-propylamine (TnPA). The results for TEA, which are more detailed, are discussed first, follow ed by preliminary findings for the other amines.
Experimental
The methods used in this laboratory for drying, degassing and general m anipulation of the solvent have been discussed elsewhere3. The amines used which were the purest available, were redistilled from sodium metal in a stream of oxygen-free nitrogen and stored in well-stoppered dark bottles in the presence of freshly cut sodium. Sample tubes were of the standard type for these experim ents3-6. The ESR spectrometer has also been described3.
Results and Discussion
Triethylam ine
When iodine crystals (or a solution of I 2 in S 0 2) are added to a solution of triethylam ine in liquid S 0 2 which has been allowed to "m ature" , i.e. where the colour has become brownish and the para magnetism of the am ine-S02-complex has reached its maximum intensity, discharge of the brown tin t in the solution is noted in the first few instants in the regions of the solid/solution interface (i.e. reversion back to the pale yellow shade of the "im m ature" solution). Within a few moments the colour deepens again and as more iodine is consumed a very dark red-brown solution is formed.
In addition to the colour changes noted above, the instant disappearance of the ESR signal is also observed when iodine is added. For a while, the solution remains paramagnetically dead, then, after a period of time has elapsed, depending on the con centrations used, the appearance of a m ultiplet spectrum, whose intensity increases steadily with time, is observed.
In most of the experiments reported here iodine was added in a twofold excess (0,1 m TEA, 0,2 m I 2) under which conditions the multiplet spectrum had appeared within a few minutes and was stable for a few weeks (although resolution became poorer on standing). If on the other hand the amount of iodine added is drastically reduced, e.g. where a 10_ 2 m solution of iodine is added to a 10-1 M solution of TEA, the single line from the T E A -S 0 2 complex disappears immediately as before, but the build-up of the multiplet spectrum is considerably slower. Under the conditions quoted above some 30 m inutes had elapsed before the first multiplet signal became detectable under very high gain, the spectrum attained a maximum after about 130 mi nutes and then declined to zero ~6 h after mixing. Re-examination of the same solution some 14 h later revealed th at the sharp single line attributed to the T E A /S 02 complex had reappeared, some what diminished in intensity but nonetheless strong.
An interpretation of these phenomena must thus account for the following experimental obser vations : 1. The spectrum of the complex [TEA+S02_] dis appears instantly on addition of iodine. 2. The iodine, as such, is consumed during the reactions.
The spectrum of the complex [TEA+S02_]
reappears after consumption of the iodine if there is an excess of amine. 4. The paramagnetic species which gives rise to the m ultiplet spectrum does not apparently contain iodine (see later). 5. The multiplet spectrum disappears again. Now since the [TEA+S02_] spectrum disappears instantly on addition of I 2 it follows th a t the latter reacts with the former. Further, since the concen tration of I 2 is only ~1/10 th a t of TEA and yet no trace of paramagnetism remains after addition of the former, it is clear th a t at most 1 /5 of the TEA is in the form of the paramagnetic complex with SO, (~1/10 if [TEA+S02~] reacts with I 2, -1/5 if with l /212). I t is thus apparent th a t an equilibrium exists in the solution with only a small fraction of the TEA present as the paramagnetic complex.
Thus overall reaction on adding iodine is suggest ed as follows: 
4) In dilute iodine solutions, when all the iodine has
been consumed, the equilibrium giving rise to the triplet state complex is re-established and the single line spectrum reappears.
Iden tity of radical B
Cursory inspection of the thirty one line spectrum illustrated in Fig. 1 a reveals th a t the overall width between the crossovers of the first and last line is only about th irty Gauss, indicating unexpectedly the presence of an aromatic rather than an ali phatic species. When bromine was substituted for iodine as the oxidising agent, essentially the same spectrum was obtained, although much less intense, which eliminates the possibility of hyperfine coupling to an iodine nucleus.
More detailed consideration of the relative in tensities and estimation of the total number of allowed transitions in term s of the overall spectral intensity and th at of the unit line (extreme wings) allowed the spectrum to be broken down into a nitrogen triplet with aN = 6.3 G, two sets of two equivalent protons with a H = 4.4 and 6.3 G re spectively, and a single proton with aH = 1.9 G. The analysis is shown schematically in Fig. la . The small numbers indicate the theoretical inten sity of each "parent line" with respect to the unit intensity (extreme wings). Insertion of these values into a simulation program with a line width of 0.4 G gave a good reproduction of the experimental spectrum, Fig. 1 b. Comparison of the values obtained here with those reported in the literature for aromatic nitrogen-containing radicals reveals a marked similarity with a number of substituted pyridinyl radicals initially detected and isolated by The nature of the substituent groups R and R ' a t positions 4 and 5 is not a t present known and cannot be deduced from the ESR spectra, it is hoped, however, th a t the results of a detailed endproduct analysis currently in progress will provide the answer to this and hence insight into the mechanism involved in production of the radical.
M echanism of the oxidation
There appears little general precedent in the literature for reactions involving oxidative aromatisation or cyclisation of aliphatic amines. A reaction which has been known for some time and which was considered here is the H o f m a n n -L ö f f l e r 1 2 reaction whereby N-halogenated amines are cyclised under the influence of heat and strong acid to form a pyrrolidine or, more rarely, a piperidine derivative such th at the amine nitrogen is incorporated into the newly formed ring. This possibility was rejected in the present case in view not only of the very different physical conditions involved here, but also because the ethyl side-chain is too short to allow a H o f m a n n -L ö f f l e r type cyclisation.
Probably more useful clues for elucidating at least the earlier stages of the mechanism are provided by the extensive work of H e n b e s t et al. on the oxida tion of tertiary amines with a variety of oxidising agents including manganese dioxide13, haloquinones14, peroxides15 and ozone16. In the above cited work reactions leading to the final products were postu lated to proceed almost invariably via dehydro genation and intermediate formation of an unstable enamine, in the case of triethylamine, via diethylvinylamine, E t2N -C H = C H 2, which then^under-went further reaction dependant upon the nature of the oxidant used. Of particular relevance to the reaction under consideration here was the oxidation of triethylam ine with chloranil14, where the en amine reacted subsequently with a further mole cule of the quinone to produce the highly coloured diethylvinylaminotrichlorobenzoquinone and diethylam ine hydrochloride.
Good evidence was presented th a t the mechanism of this reaction, which has also been discussed by K o s o w e r 17, proceeds via formation of an interm e diate charge transfer complex where the quinone first accepts an electron and then abstracts an ahydrogen atom (net hydride ion transfer) from the amine which subsequently loses a proton to form the enamine and the dihydro quinone.
I t is suggested here th at similar processes take place in S 0 2 solutions of TEA and Iodine.
In considering the mechanism a number of factors must be borne in m ind: a) Both S 0 2 and molecular iodine are very power ful electron acceptors, the enthalpy of the TEA/ S 0 2 complex does not appear to have been meas ured but th a t of TEA /I2 is known to be very high (-12 kcal mole-1)7, further, where com parative enthalpy values for S 0 2 and I 2 com plexes with a donor are available the latter are in general at least an order of magnitude larger th an the former18. b) Iodine may act as a dehydrogenating agent but it seems unlikely th a t S 0 2 is able to do so. c) Iodide ion and S 0 2 appear to form a very strong donor-acceptor complex19.
Thus the process leading to the reactive vinylarnine may be represented as attack by the power ful competitive acceptor I 2 on the T E A /S 02 ion pair to give a reactive complex in which the excess charge on the S 0 2~ ion is partially transferred to the iodine molecule accompanied by weakening of the I -I bond. The "quasi" free iodine atom forms a short lived "inner complex" which then eliminates I t is difficult to assign a precise functional role to the S 0 2 in this stage of the reaction since, as has been noted, iodine is expected to form a complex with TEA regardless of the solvent. Its effect may be a function of its marked complexing affinity for iodide ion coupled with its relatively high dielectric constant (~14) or it may be th at the prior formation of the T E A /S 02 paramagnetic species is the decisive factor in determining the course and possibly also the rate of the reaction. The experimental findings indicate th a t the paramagnetic complex reacts immediately with I 2 (loss of ESR signal) but do not exclude the possibility that the iodine may complex equally well with other species in solution such as the diamagnetic zwitterionic form to produce the same end result. Preliminary tests carried out in a num ber of other solvents including acetonitrile, chloroform, ether, acetone and alcohol, although by no means exhaustive, failed to reveal the devel opment of a free radical spectrum on the addition of iodine to triethylamine. The S 0 2 thus appears to play an im portant role at some stage in the overall reactions leading to the postulated cyclisation.
A possible alternative pathway to coupling suggested itself from the work of K o s o w e r and C o t t e r 20, where "back-donation" by S 0 2~ in a TEA/ S 0 2 ion pair to a diamagnetic cation in the solution could lead to the simultaneous productions of two "free" radicals in the immediate proximity of one another, e.g. reaction between the TEA/SO., The two radicals formed then undergo a coupling reaction to give further intermediates or products.
To attem pt to develop the mechanism of the reaction further would seem ill-advised without more experimental evidence, particularly as to the nature of the m ajor end-products and as mentioned previously it is hoped th a t the results of the anal ysis will enable further conclusions to be drawn.
Two further points may be mentioned in general support of the form ation of an aromatic complex. The first is an observation by C a t t e r a l l th at oxi dation of ethylenediamine solutions in tetrahydrol furan with peroxide leads to the formation of pyrazines21. The second point concerns the initiaform ation of reddish-brown colours on the addition of iodine (note, iodine forms a purple-pink solution in SO,, not brown), similar colours were reported for a number of pyridinv radicals by I t o h and N a g a k u r a 11.
E thyldim ethylam ine ( E D M A ) , diethylmethylamine ( D E M A ) and tri-n-propylam ine ( T n P A )
Solutions of the above amines in liquid S 0 2 all showed the typical intense narrow ESR line dis cussed previously for triethylam ine, with g-values between 2.006 and 2.007. The paramagnetism of these solutions showed both time and temperature dependence in a similar manner to that reported for TEA as well as the time dependent darkening of the solution also noted previously. These aspects of the results will be discussed elsewhere.
In common with the findings for TEA the addition of molecular iodine to these solutions effects instant disappearance of the original ESR signal and the slow development of the multiplet spectrum of another radical (or radicals).
Ethyldim ethylam ine ( E D M A )
For several hours after the addition of iodine to a solution of EDMA in S 0 2 (~0.2 m ) no ESR signal was observed. Re-examination of the solution after overnight storage at room tem perature revealed a mixed spectrum where the superimposed spectra of two different radicals could be seen, th a t shown in Fig. 2 overlapped by a further multiplet, centered about 3 G upheld and composed probably of seven lines (though only three were clearly resolved), with a splitting of 7.7 G. Two hours later the con centration of one of the radicals present had dwindled appreciably and the spectrum shown in Fig. 2 remained. Exam ination of this spectrum at high gain and modulation amplitude showed a total of 9 principal lines centered on g = 2.0083. Twenty fold amplification of the wings of the spectrum (insert 1) revealed no further lines. Reduction of the modulation amplitude showed each of the principal lines to be composed of a 1:1 doublet (insert 2).
Analysis of the 9-line spectrum in the manner mentioned previously indicates two alternative interpretations, a triplet of overlapping heptets (one nitrogen and six equivalent protons) or a quintet of overlapping quintets (two nitrogens and four equivalent protons). In both cases it is apparent from the relative intensities and the number of lines th a t the nitrogen splitting is very similar to the proton splitting, i.e. both are very close to 7 G. Of the two possibilities described above the former is currently preferred, firstly since the measured intensity ratios show better general agreement with those predicted by this model. Secondly, of more importance, this possibility is consistent with a radical "expected" from a substrate containing two methyl groups attached to a nitrogen atom. F urther the hyperfine couplings of around 7 G to both m ethyl protons and nitrogen atom are highly reminiscent of those found in other radicals con taining the -N (CH 3)2 function {e.g. in W urster's Blue radical cation aN = 6.99 G. a^'cn3 = 6.76 G 22). The 1:1 splitting of ~1 G seen under higher reso lution is more difficult to assign in view of its small magnitude (provided it is a 1:1 splitting and not for example a poorly resolved 1:3:3:1), but pre sumably belongs to the 'remains' of the N-ethyl group.
The observed spectrum is thus assigned provi sionally to a radical similar t o : 
D iethylm ethylam ine ( D E M A )
Some two hours after addition of iodine to a solution of DEMA in S 0 2 (~0.2 m ) the spectrum shown in Fig. 3 had developed. Resolution of the spectrum appears rather poor and some unresolved structure is clearly visible. Analysis of the principal 8-line spectrum is, as before, not completely un ambiguous, however an interpretation in term s of a radical containing the grouping -N(CH2CH3)CH3 is possible and ties in well with the assignment of the radical from EDMA solutions.
Here the nitrogen triplet is split by a group of two and a group of three equivalent protons (assuming th a t the splitting from the ethyl-C H 3 group is small). If the hyperfine couplings to the methylene and methyl protons ß to the N-atom are of similar magnitude, which seems not unlikely (e.g. the ^-proton couplings from CH2 and CH3 in di-n-propyl and diethyl ether radicals respec tively, differ by < 2 % «») then these five protons become nearly equivalent and produce a sextet. Further, if the couplings to the N-atom and the /5-protons are similar, as in the case of the EDMA-radical, i.e. between 6 and 7 G, the result will be an octet of lines split by ~7 G as found experimentally. The observed linewidth of the experimental spectrum, ~3 G, thus results largely from fortuitous overlap of similar couplings, some of which are partially resolved in the wings. The observed spectrum is thus assigned to a radical which is essentially similar to th at formed in EDMA solutions, e.g.
CH3CH2
c h 3c h 2 = C^CH3 ^ ^)N+H-C = CH, C H / C H 3 where a N~a^'CHs~a^'CH:,~6-7 G.
I t is difficult to make any useful comments on the nature of the damaged ethyl group in either EDMA or DEMA on the basis of the ESR spectra, the couplings to the nitrogen and /2-protons are fairly small however, which implies some delocali sation of the unpaired spin.
T ri-n-propylam in e ( T n P A )
The spectrum shown in Fig. 4 developed some th irty minutes after addition of iodine to a solution of TnPA in SO, (~0.2 m ). At high modulation amplitude (Fig. 4 a) the spectrum appears to consist of eleven principal lines with a splitting of ~5 G. A crude analysis of this spectrum, based on a nitrogen atom and four equivalent /?-protons with similar coupling constants (cf. previous examples) of about 5 G, split by a further proton with a coupling of about 20 G gives a reasonable approxi m ation to the observed intensity ratios, and implies a structure such a s :
At low modulation amplitude and higher resolution (Fig. 4b) further splittings became apparent (~1 G), however in view of the poor signal to noise ratio under these conditions it was not possible to sys tem atically assign these lines.
